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Introduction 29 30
Modern genomic data and analyses are revealing that naturally occurring 31 hybridization and admixture between divergent lineages is not rare (Maqbool et al. 2015; 32 Racimo et al. 2015; Pease et al. 2016; Wallbank et al. 2016 ). The evolutionary 33 consequences of hybridization are however diverse. On one hand, hybridization has 34 been described as "the grossest blunder in sexual preference which we can conceive of 35 an animal making" (Fisher 1930 ). On the other, hybridization can be a generative force, 36 facilitating adaptive evolution via adaptive introgression (Song et al. 2011 ; Lamichhaney et al. 2017), and some have suggested that hybridization may be 42 responsible for a larger fraction of species diversity than previously appreciated (Mallet 43 2007; . However, linking the specific mechanism(s) through 44 which hybridization causally leads to the evolution of reproductive isolation (RI) between 45 hybrids and their parents, in many putative cases, remains a major challenge (Schumer 46 et al. 2014) . 47
interact through epistasis and are segregating for both parental ancestries at equal 87 frequencies. Under the assumptions that selection favors interactions between alleles 88 sharing the same ancestry within each pair symmetrically (e.g. Table 2 ) and that the 89 strength of selection is greater than drift (i.e. greater than ~1/(2N e )), both parental 90 ancestries have an equal probability of fixing within each of the two pairs of interacting 91 loci. Extending this example to multiple independent pairs of 'epistatic loci', the 92 probability of fixing for either parent 1 or parent 2 alleles across all epistatic pairs is 93 2×0.5 & , where n is the number of epistatic pairs. Conversely, the probability of evolving 94 mixed ancestry and some amount of RI due to symmetrical incompatibilities across the n 95 epistatic pairs is 1 − (2×0.5 & ). All-else being equal (e.g. independent assortment of loci 96 and no selection acting on additional traits), symmetrical incompatibilities may therefore 97 readily evolve in sufficiently admixed populations (Schumer et al. 2015) . 98
McCarthy et al. (1995) and Buerkle et al. (2000) tested the probability that 99 symmetrical incompatibilities would evolve between admixed populations and their 100 parents as a result of novel "chromosomally balanced" genotypes with respect to two 101 rearrangements that differed between the parental species. Their simulations show that 102 admixed populations can evolve RI under this mechanism, and that the probability of 103 evolving RI increases both as hybrid fitness in a novel environment and geographic 104 isolation from parental populations increases. Taken with the results presented by 105 Schumer et al. (2015) , these analyses describe (1) how symmetrical incompatibilities 106 can evolve in admixed populations and generate RI between admixed and parental 107 populations and (2) suggest that the probability of evolving symmetrical incompatibilities 108 is contingent upon the nature of selection acting on hybrid individuals. 109
In nature, the fitness of naturally occurring hybrids in different environments 110 relative to their parents is seldom known; however, it is likely to vary depending on 111 multiple factors. In some cases, such as in Helianthus sunflowers, hybrids may be more 112 fit than their parental species in certain environments (Rieseberg et al. 1995 (Rieseberg et al. , 2003 . In 113 others, hybrids may be less fit than their parents, and this may (or may not) depend on 114 the environment that a hybrid finds itself in (Vamosi & Schluter 1999; Linn et al. 2004; 115 Bridle et al. 2006; Delmore & Irwin 2014; Turissini et al. 2017) . It is therefore likely that 116 the evolution of symmetrical incompatibilities will be affected by the specific fitness 117 function acting on admixed genotypes. By extension, selection acting at linked sites will 118 also affect the probability of evolving symmetrical incompatibilities. Understanding the 119 genetic architecture of traits, and the form of selection acting on those traits, is therefore 120 important to fully appreciate the scenarios that either permit or constrain the evolution of 121 symmetrical incompatibilities in admixed populations. 122
In this manuscript I use forward-time individual-based simulations to illustrate how 123 the nature of selection acting on, and the linkage relationships between, loci that 124 generate incompatibilities (hereafter "epistatic" loci) and those that affect an additional 125 trait under selection (hereafter "adaptive" loci) affect the probability that admixed 126 populations evolve symmetrical incompatibilities. To accomplish this, I simulate three 127 different types of selection acting on adaptive loci and varied (1) the strength of selection 128 acting on both adaptive and epistatic loci, (2) the order of loci along a chromosome, and 129
(3) recombination rates between adjacent loci. Each of these parameters were varied in 130 a 'hybridizing deme' experiencing gene flow from demes containing their parental 131 species. Consistent with previous work, these simulations show how selection favoring 132 admixed genotypes at adaptive loci tends to increase the probability of evolving 133 symmetrical incompatibilities, while selection favoring alleles from one or both parental 134 species at adaptive loci tends to decrease the probability of evolving symmetrical 135
incompatibilities. Both the strength of selection acting on the different types of loci and 136 their genetic architecture affect the probability that a hybrid population will evolve 137 symmetrical incompatibilities. Below I summarize these effects and highlight how 138 understanding how selection acts on hybrids, along with knowledge of the genetic basis 139 of traits that are subject to selection and underlie reproductive isolation between 140 parental species, can be used to predict when we expect to observe homoploid hybrid 141 species evolve. loci that contain epistatically-interacting loci (i.e. "epistatic" loci) affected the fitness of an 182 individual as described in Table 1 . The effect that these loci have on fitness is solely due 183 to epistasis. Epistatic loci may represent incompatibilities that, for example, cause 184 sterility, but may also underlie any trait that depends on the interaction between multiple 185 loci to function properly. The three other loci additively affect the fitness of an individual 186 as described in Table 2 (i.e. "adaptive" loci). These loci can be thought of as affecting 187 any trait that is controlled by additively acting genetic effects. Adjacent loci recombined 188 at a rate of 0.1, 0.2, or 0.5 per generation. The recombination rates of 0.1 and 0.2 189 allowed me to test the effect of linkage on the evolution of symmetrical incompatibilities. 190
The maximum rate of recombination (0.5) allowed for random assortment of loci and is 191 equivalent to each locus being located on its own chromosome. 192
In addition to varying recombination rates, I tested how the physical arrangement 193 of loci along a chromosome affects the probability of evolving symmetrical 194 incompatibilities. I either positioned loci such that the distance between similar types of 195 loci was maximized ("dispersed" genetic architecture; Figure 1A ), the two epistatic pairs 196 were on opposite ends of the chromosome, but were interspersed by the adaptive loci 197 ("interspersed" genetic architecture; Figure 1B ), or loci were grouped by type such that 198 epistatic loci and pairs were adjacent to each other and were not interspersed by an 199 adaptive locus ("modular" genetic architecture; Figure 1C ). 205 Table 2 . The strength of selection as a function of genotype at a pair of 'epistatic' loci. 207
Alleles have ancestry from either parent 1 (P 1 alleles) or parent 2 (P 2 alleles). Total 208 selection due to maladaptive epistatic interactions (s epistatic ) was summed across the two 209 epistatic pairs considered during simulations. The dominance coefficient (h) was held 210 constant at 0.5 in all simulations. 211 212 genotype at locus 1 P 1 P 1 P 1 P 2 P 2 P 2 genotype at locus 2 P 1 P 1 0 h*s epistatic 2*s epistatic P 1 P 2 h*s epistatic 2*h*s epistatic h*s epistatic P 2 P 2 2*s epistatic h*s epistatic 0 213 
Where n ALT is the number of alleles with ancestry from the 'unfit' parent. B) 'disruptive selection'
Where n MINOR is the number of minor ancestry alleles if the number of minor ancestry alleles is less than 3 or all adaptive loci are heterozygous.
5(s adaptive )
If two loci are homozygous with different ancestry and the third is heterozygous. C) 'selection-for-admixture'
6(s adaptive )
If homozygous for the same ancestry across all adaptive loci.
5(s adaptive )
If two loci are homozygous for the same ancestry and the third is heterozygous.
n HET (s adaptive ) Where n HET is the number of heterozygous loci if > 1 locus is heterozygous.
1(s adaptive ) If two loci are homozygous with different ancestry and the third is heterozygous.
0(s adaptive )
If two loci are homozyous with ancestry from the same parent and the third is homozygous with ancestry from the other parent.
During simulations, an individual produced offspring proportional to their relative 220
fitness. An individual's fitness was a function of selection acting against alleles subject to 221 either epistatic (s epistatic ) or 'adaptive' selection (s adaptive ) such that ω = 1 − (s [epistatic pair 1] ) -222 (s [epistatic pair 2] ) − (s adaptive ). Selection acted independently on each epistatic pair, and the 223 number of 'mismatched' alleles within a given pair determined fitness (Table 2) . 224 I simulated three different models of selection on adaptive loci. First I simulated 225
'directional selection', where selection on the three adaptive loci acted additively and 226 alleles with ancestry from one of the parents (hereafter referred to as "P1") were always 227 favored over alleles with ancestry from the other parent (hereafter "P2"), except in the 228 case where there was no selection acting on these loci (Table 3A) (Table 3B ). This 237 scenario reflects one where hybrid genotypes are at a fitness disadvantage relative to 238 parental genotypes, and parental genotypes are equally fit. Third, I simulated 'selection-239
for-admixture', where selection favored admixed genotypes across the three adaptive 240 loci over parental and heterozygous genotypes (Table 3C) combinations of s epistatic , s adaptive , r, and genetic architecture described in Table 1 . represents a scenario where the population is nearly fixed for alleles coming from one 290 parental species at one epistatic pair (e.g. mean P 1 allele frequency > 95%) and nearly 291 fixed for alleles coming from the second parental species at the second epistatic pair 292 (e.g. mean P 2 allele frequency > 95%). I use 90% AF difference as a threshold defining 293 the evolution of RI because the majority of haplotypes within a population that has a 294 difference in parental allele frequency at the two epistatic pairs > 0.9 will be fertile with 295 other hybrids from that population, but manifest incompatibilities with either parental 296 species (the strength being proportion to s epistatic ). 297
Hybrid speciation differs from 'classical' speciation in that barriers to gene flow do 298 not need to evolve de novo, potentially leading to rapid speciation. As such, for each 299 population that showed evidence of evolving RI, I recorded the time it took for allele 300 frequencies at the two epistatic pairs to differ by > 0.9, to the nearest 10 generations. across all three genetic architectures (blue and black points in Figure 2 ). This is because 313 populations tended to maintain parental diversity at epistatic loci when s epistatic was weak 314 (less-than or equal-to 0.001 for the simulations summarized in this manuscript). More 315 generally, when epistatic interactions are subject to weak selection and symmetrical 316 incompatibilities do evolve, the magnitude of RI will also be weak. For example, the 317 reduction in fitness of an offspring produced by a mating between an individual from an 318 admixed population that evolved symmetrical incompatibilities and either parent species 319 would be 0.1% when s epistatic = 0.001. The same scenario for s epistatic = 0.05 or s epistatic = 320 0.1 would result in a 5 or 10% decrease in fitness, respectively. Therefore, meaningful 321 RI is unlikely to evolve through symmetrical incompatibilities unless parental species 322 have accumulated genetic differences that result in at least moderately strong 323
incompatibilities. 324
The strength of s epistatic also affects the probability that recombinant haplotypes 325 will persist in a population. When s epistatic is strong, recombinant haplotypes are less 326 likely to be maintained in the population and symmetrical incompatibilities are less likely 327 rows). 366 367 As expected, gene flow from parental species generally tends to limit the 369 probability that symmetrical incompatibilities evolve. Specifically, because gene flow can 370 swamp locally adapted epistatic interactions, higher rates of gene flow tend to increase 371 the threshold strength of s epistatic required for symmetrical incompatibilities to evolve. For 372 example, consider the purple points between the left and right columns of figure 2A, B , against hybrids was not too strong (increasing values on the x-axes of Figure 2A and B) . diversifying selection models with moderate linkage between loci (r = 0.2) when s epistatic 386 was strong (0.1; red lines in Figure 3A and B) ; and even then, the probability they 387 evolved was low (less than 1% of populations). The only exception was that symmetrical 388 incompatibilities evolved with appreciable frequency (> ~20%) in the face of high gene 389
flow when there was selection for admixture and s epistatic was strong (i.e. 0.05 or 0.1; gold 390 and red points in Figure 3C ). These dynamics illustrate how the probability of evolving 391 symmetrical incompatibilities can remain relatively high (> ~20%), even under high rates 392
of gene flow (i.e. 10 immigrants from both parental species every generation) when 393 selection-for-admixture and s epistatic are also strong. Linkage between epistatic and adaptive loci tends to decrease the probability of evolving 408 symmetrical incompatibilities when adaptive loci are subject to directional or diversifying 409 selection (panels in A and B, respectively), but increase the probability of evolving 410 symmetrical incompatibilities when selection favors admixture (C). Results are shown for 411
populations simulated with inter-locus recombination rates of 0.5 (i.e. no linkage; left 412 column of panels) or 0.1 (moderate linkage; right column of panels), m = 0.0001, and 413
with different linear arrangements of loci along the chromosome (i.e. genetic 414
architectures; panel rows). Note that genetic architecture is only relevant when r is less 415 than 0.5. Refer to Figure S1 for results with m = 0.001. 416 Selection acting on sites subject to s adaptive either decreased or increased the 417 probability that symmetrical incompatibilities evolved, and the direction of this effect 418 depended on the form of s adaptive . Directional selection that favored ancestry from one 419 parental species over the other at adaptive loci always reduced the probability that 420 populations of hybrids evolved incompatibilities (Figure 2A) . When there is no linkage 421 between epistatic and adaptive loci (r = 0.5), this reduction occurs because selection 422 favors ancestry from one parent over the other and limits the opportunity for 423 recombinant haplotypes to form (left column of panels in Figure 4A ). Specifically, 424 selection favoring ancestry from one parent over the other at the adaptive loci biases 425 epistatic loci to evolve toward the fitter parent's ancestry ( Figures S2 -S4 ). This effect 426 was consistent at low, moderate, and high levels of gene flow (Figures 2A and 3A) . 427
Under the directional selection model, we therefore expect that as s adaptive increases, 428 ancestry within admixed populations will evolve towards the fitter parent and the 429 evolution of symmetrical incompatibilities will be less likely. For the parameter values I 430 simulated, this resulted in no symmetrical incompatibilities evolving when s adaptive was 431 greater than 0.03 and there was at least some linkage between adaptive and epistatic 432 loci (Figure 2A and 4A) . 433
When the fitness of parental ancestries is not skewed towards one parent and 434 hybrids are less fit than their parental species (i.e. the diversifying selection model), 435 increasing selection against hybrids (and admixed genotypes) also tends to reduce the 436 probability of evolving symmetrical incompatibilities; however, the magnitude of this 437 effect is much less than for the directional selection model (compare panels between 438 Figure 2A and B). For example, when s adaptive is greater than 0.03 and s epistatic is greater 439 than 0.001, an appreciable proportion (> 0.1) of admixed populations evolved 440 symmetrical incompatibilities under the diversifying selection model ( Figure 2B Figure 2A and B) . For example, with moderate s epistatic (0.01), low 446 migration (m = 0.0001), weak linkage (r = 0.2), and diversifying selection, as s adaptive 447 increases from 0.02 to 0.08 there is a 35%, 30%, and 17% reduction in the proportion of 448 simulated populations that evolve symmetrical incompatibilities for the dispersed, 449
interspersed, or modular genetic architectures, respectively. A modular architecture can 450 therefore facilitate the evolution of symmetrical incompatibilities relative to the dispersed 451 and interspersed architectures when s adaptive is strong (yellow and red lines in Figure 2B ), 452 migration rates are modest (right panels in Figure 2B ), and parents do not differ in their 453 fitness (i.e. under the diversifying selection model). 454
The two models of selection summarized above both impose selection against 455 hybrid and admixed genotypes at adaptive loci. A third outcome of hybridization is that 456 there is transgressive segregation for fitness-associated traits, resulting in admixed 457
genotypes that are at a selective advantage relative to parental genotypes. Indeed, 458 previous work has shown how symmetrical incompatibilities are more likely to evolve 459 when hybrids have a fitness advantage in a novel environment (see Figure 2 
Time to evolution of RI 495
Because hybridization requires two species or their gametes to be present in the 496 same location (at least temporarily), the faster that incompatibilities are able to stabilize 497 within admixed populations, the more likely they will show meaningful RI from their 498 parental species in the face of ongoing hybridization. To determine how quickly RI 499 evolved due to symmetrical incompatibilities, I recorded the time (to the nearest 10 500 generations) it took novel hybrid genotypes to evolve a mean allele frequency difference 501 at the two epistatic pairs of loci greater than 0.9. As expected, the stronger s epistatic was, 502 the faster symmetrical incompatibilities tended to evolved (different colored points in 503 Figure 5 ). Relative to s epistatic , both s adaptive and genetic architecture had negligible effects 504 on the time it took to evolve RI (x-axis of panels and panel columns in Figure 5 , 505 respectively). The one exception to this pattern was that increasing s adaptive under the 506 selection-for-admixture model resulted in decreasing the time it took to evolve 507 symmetrical incompatibilities when s epistatic was moderate (s epistatic = 0.01; purple points in 508 Figure 5C ). This result highlights how once populations begin to evolve allele frequency 509 differences at epistatic pairs of loci, the primary factor affecting the speed that those 510 pairs fix alternate parental alleles is the strength of selection acting to maintain viable 511 epistatic interactions; however, increasing selection on linked loci can increase the 512 speed at which RI evolves in situations where s epistatic is not already very strong. 513
514
The effect of initial conditions on the evolution of symmetrical incompatibilities 515
When I forced a bout of hybridization by initiating simulations with a hybrid deme 516 composed of F 1 hybrids, symmetrical incompatibilities were, in general, more likely to 517 evolve than when simulations were initiated with randomly mating individuals of the 518 parental species (Figure 6 ). This was particularly true when s adaptive was greater than 519 zero under the directional or diversifying selection models ( Figure 6A and B , 520 respectively). Under directional selection, the relative enrichment in the proportion of 521 populations evolving symmetrical incompatibilities increased as both s adaptive and as 522 s epistatic increased (compare increasing values on the x-axes and the purple, gold, and 523 red lines in Figure 6A , respectively). By contrast, with selection-for-admixture, an initial 524 bout of hybridization had much less of an effect on increasing the proportion of 525 populations that evolved symmetrical incompatibilities ( Figure 6C ). In this case, I only 526 observed a modest ~ 1-fold enrichment in the probability of evolving symmetrical 527 incompatibilities when s epistatic was very strong (i.e. red lines in Figure 6C ). An initial bout 528 of admixture can therefore promote the evolution of symmetrical incompatibilities in 529 scenarios where selection minimizes the probability that recombinant haplotypes will 
